Nutritional conditions during early development influence the plastic expression of adult phenotypes. Among several body modules of animals, the development of sexually selected exaggerated traits exhibits striking nutrition sensitivity, resulting in positive allometry and hypervariability distinct from other traits. Using de novo RNA sequencing and comprehensive RNA interference (RNAi) for epigenetic modifying factors, we found that histone deacetylases (HDACs) and polycomb group (PcG) proteins preferentially influence the size of mandibles (exaggerated male weapon) and demonstrate nutrition-dependent hypervariability in the broad-horned flour beetle, Gnatocerus cornutus. RNAi-mediated HDAC1 knockdown (KD) in G. cornutus larvae caused specific curtailment of mandibles in adults, whereas HDAC3 KD led to hypertrophy. Notably, these KDs conferred opposite effects on wing size, but little effect on the size of the core body and genital modules. PcG RNAi also reduced adult mandible size. These results suggest that the plastic development of exaggerated traits is controlled in a module-specific manner by HDACs.
When we focus on plasticity at the cellular level, epigenetic control by DNA methylation and histone modifications broadly regulates cell fate plasticity. During development, the epigenetic status allows cells to memorize cell-type or tissue-specific gene expression patterns (16) (17) (18) . Consequently, cellular developmental fates are gradually restricted during cell differentiation. This fundamental cellular mechanism to regulate plasticity leads us to propose that epigenetic regulation may be involved in increased developmental plasticity of an exaggerated trait.
Among various roles, epigenetic systems have significant functions in memorizing the nutritional environments during early development so as to link the developmental conditions with adult phenotypes. In the differentiation of queens and workers in the honey bee, Apis mellifera, larvae fed with highly nutritious "royal jelly" develop into queens and larvae fed with poorly nutritious "worker jelly" develop into workers (19) . This process is determined by the DNA methylation patterns of the larvae; thus, caste fate can be altered by knockdown (KD) of DNA methyltransferase 3 (DNMT3) (20) . In mammals, poor nutritional environments during early embryogenesis can influence the epigenetic status of the individual, resulting in physiological variability among adults (21, 22) .
Significance
Nutritional conditions during early development influence the plastic expression of adult phenotypes. Because heightened nutrition sensitivity often characterizes the development of exaggerated traits, there should be molecular mechanisms underlying trait-specific variability. This study reveals the molecular mechanisms underlying the expression of nutrition-sensitive mandibles in the beetle Gnatocerus cornutus. We found that epigenetic regulators, such as histone deacetylases (HDACs) and polycomb group (PcG) proteins, contribute specifically to the plastic expression of male mandibles, with little contribution to other body modules. In addition, HDAC1 and HDAC3 perturbation resulted in opposite phenotypic effects on mandible and wing modules. Our findings provide molecular evidence of a link between distinct epigenetic modifications and module-specific phenotypic plasticity of exaggerated traits.
On the basis of such findings, we hypothesized that epigenetic regulation contributes to the nutrition-sensitive plasticity of exaggerated traits. To test this notion, we used the broad-horned flour beetle, Gnatocerus cornutus, which has exaggerated and hypervariable male mandibles, with conditional expression as the developmental genetic model (23, 24) (Fig. 1A) . Using epigenetic inhibitor drugs and RNA interference (RNAi)-mediated KD of genes for DNA methylation and histone modification, we showed that epigenetic perturbations in penultimate-and final-instar larvae specifically impact the development of mandibles, suggesting the epigenetic regulation of hypervariability in exaggerated traits.
Results
First, we evaluated morphological variations in several body parts of G. cornutus (Fig. 1B) and estimated allometric relationships between each body part and elytra width (an index of whole-body size). When the slope of the regression line in the log-log plot is greater than 1, the trait is assumed to show hypervariability. Allometric analysis revealed that mandible traits showed steep positive allometries (i.e., hyperallometry), whereas genitalia size demonstrated hypoallometry (Fig. 1C and SI Appendix, Table S1 for all traits). Other body modules, such as legs and wings, were nearly isometric in relative growth to the elytra width. Such module-specific variability is likely linked with differential sensitivity to nutritional conditions in the larval stage (13, 25) .
Before the gene KD experiments, inhibitors of DNMTs and histone deacetylases (HDACs) were applied to final-instar larvae to evaluate the involvement of DNA-and histone-modifying processes on mandible morphogenesis. Injection of a HDAC inhibitor, trichostatin A (TSA), caused 6.3% hypertrophy of the mandibles [SI Appendix, Fig. S1A and Table S2 ; treatment: P = 0.038, treatment × body size: P = 0.139, analysis of covariance (ANCOVA)]. In contrast, injection of the DNMT inhibitor 5-azacytidine (5-AzaC) caused no detectable changes in the adult mandible size but slightly affected the regression slope (SI Appendix, Fig. S1B and Table S2 ; treatment: P = 0.070, treatment × body size: P = 0.037, ANCOVA). These results suggest that histone acetylation may contribute to determining the size of the mandibles.
To elucidate the molecular basis for epigenetic control of phenotypic variability, we further identified the genes that encode five HDACs, 13 polycomb group (PcG) proteins, histone methyltransferases (HMTs), DNMTs, and other epigenetic factors by using de novo RNA sequencing (RNA-seq) (detailed information on RNA-seq and gene identification is provided in SI Appendix, Tables S3 and S4 ). Five different class I (HDAC1 and HDAC3), class II (HDAC4 and HDAC6), and class IV (HDAC11) HDACs of G. cornutus appear to have corresponding orthologs in the red flour beetle (Tribolium castaneum), fruit fly, and humans, supporting the structural conservation of these enzymes across wide taxa (SI Appendix, Fig. S2 ).
We then conducted comprehensive RNAi experiments ( Fig.  2A) by injecting double-stranded RNA (dsRNA) of target genes into larvae at penultimate-and final-instar stages (i.e., early and late KDs) and estimated their influence on pupal and adult morphologies. First, we present the results of late KDs because early and late KDs yielded similar phenotypes. Late KDs reduced mRNA levels of HDAC1 (59.1%), HDAC3 (22.8%), HDAC6 (54%), and HDAC11 (69%) compared with the control treatment (GFP RNAi) in the heads [in each treatment, HDAC level was quantified by quantitative PCR (qPCR) and normalized to actin; details are provided in Materials and Methods and SI Appendix, Fig. S3 A-C] . The G. cornutus HDAC4 (GcHDAC4) KD was not effective (89.7%; P = 0.171, t test).
KD of GcHDAC1 led to a clear curtailment of pupal mandible morphologies (Fig. 2B, Middle) , whereas KD of GcHDAC3 resulted in mandible hypertrophy (Fig. 2B, Bottom) . Microscopic inspection of pupal morphologies showed little morphogenetic effects on other traits (Fig. 2B , Left and Center), whereas gene silencing was effective throughout the body (SI Appendix, Fig. S3 A and B) .
For morphological quantification of adult phenotypes, we carefully determined the appropriate strengths of gene KDs (conditions are discussed in Materials and Methods and SI Appendix, Table S5 ) that enabled successful development of adults, so as to avoid any systemic developmental failures due to the high dose of the gene KD. Using those RNAi conditions, we obtained adult males without notable developmental failures (Fig. 2B, Right) . We found that the GcHDAC1 KD significantly reduced adult mandible outline length (MOL; Fig. 2C , blue dots and line; 9.8% reduction in intercept; treatment: P < 0.001, treatment × elytra width: P = 0.175, ANCOVA; detailed statistics are provided in SI Appendix, Table S6 ) and mandible width (MW; Fig. 2E , blue dots and line; 4.9% reduction in intercept; treatment: P < 0.001, treatment × elytra width: P = 0.934, ANCOVA; statistics are provided in SI Appendix, Table S6 ).
In contrast, the GcHDAC3 KD caused a marked increase in MOL (Fig. 2C , red dots and line; 12.8% increase in intercept; treatment: P < 0.001, treatment × body size: P = 0.118, ANCOVA; statistics are provided in SI Appendix, Table S6 ) and MW (Fig. 2E , red dots and line; 20.0% increase in intercept; treatment: P < 0.001, treatment × body size: P = 0.653, ANCOVA; statistics are provided in SI Appendix, Table S6 ). Thus, GcHDAC1 and GcHDAC3 KDs caused opposite effects on adult mandible morphogenesis. Table S1 .
Other body parts, such as genitalia, were not affected by the gene KDs ( Fig. 2D and SI Appendix, Table S6 ). Interestingly, however, GcHDAC1 KD led to a slight enlargement in hind wing size (Fig. 2F , blue dots and line; 4.4% increase in intercept; treatment: P < 0.001, treatment × body size, P = 0.175, ANCOVA; statistics are provided in SI Appendix, Table S6 ), whereas GcHDAC3 KD caused a reduction in hind wing size (Fig. 2F , red dots and line; 2.4% reduction in intercept; treatment: P < 0.001, treatment × body size: P = 0.175, ANCOVA; statistics are provided in SI Appendix, Table S6 ).
HDAC KDs were previously conducted at the end of the larval stage. Given that different organs may form at different times during development (26) (27) (28) (29) , mandible progenitor cells may retain the developmental flexibility to allow phenotypic plasticity until late stages, whereas other somatic/genital precursor cells may lose such flexibility at earlier stages of development. If such is the case, HDAC KDs at an early developmental stage may have non-organspecific morphogenetic effects. We tested this notion by conducting HDAC KDs at earlier stages, particularly the penultimate-instar larvae stage, using a dose that enabled the larvae to develop into adults (SI Appendix, Table S5 ). Early-HDAC KDs had a similar direction of the effects in adult phenotypes to the effects observed in late KDs: HDAC1 KDs caused a reduction in mandible size but slight elongation of the wings, whereas HDAC3 KDs resulted in enlargement of the mandibles but had subtle effects on wing size (Figs. 2 G and H and 3A). However, upon careful inspection, the magnitude of effects was different for HDAC1 and HDAC3. Later HDAC1 KD resulted in much greater effects in the mandible compared with early KD, whereas the opposite was true for HDAC3: Early-HDAC3 KDs showed weaker effects in the mandible. In addition, early-HDAC1 KDs exhibited weaker effects in wings compared with late injections. Other traits, such as legs and genitalia, were unaffected by both the early-and late-HDAC KDs (Fig. 3 A and B and SI Appendix, Tables S6  and S7) .
To compare the magnitudes of trait size changes caused by gene KDs, changes in the heights of intercepts (calculated as the percentage of changes in the adjusted mean by using elytra width as a covariate; SI Appendix, Table S6 ) were calculated (Fig. 3A) . Mandibular traits [mandible length (ML), MOL, and MW] exhibited drastic size changes, whereas other body parts showed few changes (Fig. 3A) . The magnitudes of the changes were significantly greater for mandibular traits than for other traits ( Fig. 3B ; late KD: P = 0.0012, U test). Therefore, two HDACs appear to regulate size plasticity of mandibles and wings antagonistically, irrespective of which stage was perturbed ( Fig. 3 B-D) .
To summarize the overall morphological changes caused by RNAi, we performed principal component analysis (PCA) using all body traits. To remove multicollinearity, the residuals of the linear regressions on body size (i.e., elytra width) were used for PCA. Principal component 1 (PC1; 32.1% contribution) was highly positively loaded by all traits except the mandibular traits and genitalia, both of which showed small factor loadings ( Fig. 3C and SI Appendix, Table S8 ). Given that the residuals of the linear regressions on elytra width were used in PCA, PC1 was considered to reflect the relative sizes of organs except the mandible and genitalia ( Fig. 3C and SI Appendix, Table S8 ). PC2 (20.9% contribution) was strongly positively loaded by ML, MOL, and MW, and it was strongly negatively loaded by wing vein length (WVL-1 and WVL-2; SI Appendix, Table S8 ). This result indicates that PC2 reflected a relative increase in the mandibular size and decrease in wing size; thus, PC2 likely reflects the morphological changes caused by RNAi ( Fig. 3C ; other PCs are shown in SI Appendix, Table S8 ). The PC1/PC2 plot shows that the KD phenotypes of GcHDAC1 (Fig. 3C , blue and light blue dots represent late and early KDs, respectively) and GcHDAC3 (Fig. 3C, red dots represent late and early KDs, respectively) were mostly located above and below the control phenotype (Fig. 3C , black dots; GFP RNAi), confirming that the two HDACs have distinct and antagonistic effects on the mandible and wing, irrespective of KD timing. Importantly, PC2 factor loadings for traits other than mandibular and wing traits were relatively small ( Fig. 3C and SI Appendix, Table S8 ), indicating that traits other than mandible and wing traits are less affected by HDAC perturbations.
In addition to HDACs, we examined KD effects of other epigenetic regulators, such as PcG proteins (components of polycombrepressive complexes PRC1 and PRC2), DNMTs, and HMTs, because they have been demonstrated to modulate the epigenetic status of developing cells (30-33) (SI Appendix, Table S4 ). KDs of the two PcG proteins led to the reduction of mandible size (SI Appendix, Fig. S6 A-C and Table S9 ), suggesting that PRC1 and PRC2 complexes are indeed involved in the determination of mandible size. However, other DNA methylation factors and histone modification factors, including DNMTs (GcDNMT1 and GcDNMT2) and HMTs (GcSETMAR and GcPRMT5), did not affect mandible development significantly (a list of examined genes is provided in SI Appendix, Table S4 ). These results suggest that the plasticity of exaggerated organs is selectively controlled by a subset of HDACs and PcG complexes, which are mainly involved in chromatin silencing (34).
Discussion
In this study, we used we used the sexually dimorphic horned flour beetle, G. cornutus, to investigate how epigenetic regulation influences the expression of nutrition-sensitive exaggerated traits (i.e., mandibles). We found that epigenetic regulators, such as HDACs and PcG proteins, contribute to the plastic expression of male mandibles, but there is little contribution to other body modules. In addition, HDAC1 and HDAC3 perturbation resulted in opposite phenotypic effects on mandible and wing modules. These findings provide molecular evidence that indicates a link between the modulespecific phenotypic plasticity of exaggerated traits and distinct epigenetic modifications.
Hypervariability of exaggerated traits is widely found in animal taxa, and it is thought to be the result of heightened nutrition sensitivity (13, 14, 35, 36) . Module-specific response to insulin signaling is a plausible mechanism that regulates trait variability (13, 15) , but the mechanism underlying module specificity needs to be elucidated (15) .
Experimental perturbation of development by HDAC KDs revealed that phenotypic modifications are most striking in exaggerated traits (i.e., mandibular traits) (Figs. 2 and 3) . Our finding proposed a mechanistic explanation that the more plastic development of the mandible is characterized by its relative sensitivity to epigenetic perturbations. Epigenetic regulation and nutrientsensing mechanisms have been suggested to be tightly linked (37) (38) (39) (40) (41) . It is thus likely that nutrient signals, such as the insulin-like Tables S6 and S7 ). Light blue, HDAC1 early KD; blue, HDAC1 late KD; pink, HDAC3 early KD; red, HDAC3 late KD; n.a., not applicable because of significant changes in slopes. (B) Magnitudes of changes in mandibular traits (ML, MOL, and MW) and 12 other body traits under early-and late-HDAC KD conditions. Magnitudes of changes (changes of intercepts in absolute values) were significantly greater for mandibular traits than for other somatic and genital traits (early KD: P < 0.001, Z = 3.71; late KD: P = 0.0012, Z = 3.24; **P < 0.01, ***P < 0.001, U test). Mean ± SD values are shown. (C) PCA performed on the detrended data of 15 body traits [residuals of linear regression to body size (i.e., elytra width)]. PC1 indicates the relative sizes of organs, except the mandible and genitalia (factor loadings are provided in SI Appendix, Table S8 ). PC2 indicates an increase in relative mandible size and decrease in relative wing size. Arrows indicate factor loadings (also SI Appendix, Table S8 ). Note that the phenotypes of early-and late-HDAC1 KDs (light blue and blue dots) occupied distinct morphospaces to early-and late-HDAC3 KDs (pink and red dots) across the GFP control phenotype (black dots), suggesting that KD of HDAC1 and HDAC3 caused opposite phenotypic changes. (D) Schematic diagram of HDACmediated, module-specific plasticity. HDAC1 (blue) and HDAC3 (red) have antagonistic effects on mandible and wing sizes.
growth factor, may differentially affect downstream target genes in an organ-specific manner via epigenetic modifications. In this study, we found that variability in the weapon size was particularly influenced by HDAC KD, although the regression slope of the mandible size was not affected in the HDAC KDs. The detailed mechanism determining the slope is under investigation; however, PcG proteins (PCGF3 and EHZ2; SI Appendix, Fig. S6 ) whose KDs had clear reductions in slope are the hopeful candidates of relative growth regulation in future studies.
Because GcHDAC KDs reduced target GcHDAC expression throughout the body, mandible-specific effects show that the mandibular progenitor cells have a specific sensitivity to the fluctuation in HDAC activities. There are two possibilities regarding how mandibles are specifically affected by epigenetic perturbations. First, the developmental timing for size determination is relatively late in the mandibles, and thus HDAC KDs had mandible-specific effects. Second, however, early-HDAC KDs also influenced mandible sizes without largely affecting other morphological traits. Therefore, it is unlikely that the first possibility explains the results (Fig. 3 A and B) . Thus, we considered another scenario to explain the module-specific effect of epigenetic perturbation, which is that epigenetic fixation is more flexible in the mandible traits than in other traits. Despite a generally similar direction of effects of early-and late-HDAC KDs, there were small but detectable differences. Early-HDAC1 KD yielded stronger effects on mandibles than late-HDAC1 KD, whereas early-HDAC3 KD exhibited milder effects than late-HDAC3 KD (Fig. 3A) . Additionally, effects of early-HDAC KDs on wings were generally small. These results suggest stagedependent distinct involvements of two HDACs in mandibles and wings, which needs to be elucidated in future studies.
The GcHDAC1 and GcHDAC3 KD experiments implicate that these HDACs may have different roles in size determination of the mandible and wing. HDAC1 and HDAC3 belong to the same HDAC group (class I), which exhibits relatively broad substrate specificities (42) . The diversification of class I HDACs has been observed in basal eukaryotes, such as fungi (42) , and is thought to have originated in early metazoans or earlier (43) . In multicellular organisms, class I HDACs are very similar proteins, but they often have distinct functions (44, 45) . In chicken B cells, HDAC1 and HDAC2 showed different effects on the diversification of Ig hypervariable regions (45) . It has been suggested that class I HDACs can function distinctly by recruiting different transcriptional factors (46, 47) . Therefore, GcHDAC1 and GcHDAC3 may distinctly contribute to the fine-tuning of the mandible size by recruiting different target genes. The functional diversification of HDACs observed in beetle weapon development implicates a widespread evolutionary mechanism of HDACs in generating morphological modularity during evolution.
The trade-off relationship between the weapon and flight apparatus is often observed as a characteristic of weaponed insects, reflecting the diverse reproductive strategy of males (48) (49) (50) . A distinct type of HDAC (e.g., HDAC1, HDAC3) that causes antagonistic responses to the mandible and wing may be associated with the trade-off relationship, but further investigations of the epigenetic status of the genes involved in mandible and wing development are required to confirm this possibility.
Considering the generality of the epigenetic status to define cellular plasticity, we propose that the evolution of modulespecific plasticity is associated with the evolution of epigenetic regulation. In the case of sexually selected exaggerated traits, condition-dependent selections for fighting or sneaking/dispersal are thought to generate the evolution of heightened plasticity (6) (7) (8) . In contrast, other body modules, such as genitalia, are under stabilizing selection that favors the production of uniform organ size irrespective of developmental conditions (i.e., canalization) (10) (11) (12) . In response to selections that favor heightened plasticity or reduced plasticity, acquisition of epigenetic flexibility or stability may evolve in the development of target organs. The similar process of differential canalization may be important in stem cell functions (51) (52) (53) . Weak canalization is assumed to be critical in genes responsible for the maintenance of pluripotency in mammalian somatic stem cells, which must flexibly and dynamically respond to the environmental cues for differentiation. Although the detailed mechanism is open to debate, our finding provides the insight that module-specific epigenetic regulation may underlie hypervariability and weak canalization of a class of environmentsensitive traits.
Materials and Methods
Insect Husbandry. Our stock population of G. cornutus originated from adults collected in Miyazaki City (31°54′, 131°25′), Japan, and was maintained at the National Food Research Institute and Okayama University (24) . G. cornutus was reared as described previously (54) .
Synthesis of dsRNA. The cDNA was prepared from the prepupal whole body of G. cornutus. The dsRNA was synthesized using an Ambion MEGAscript T7 Transcription Kit (Invitrogen). The DNA template for in vitro transcription was produced with PCR using gene-specific primers with the T7 polymerase promoter at their 5′ ends (SI Appendix, Table S5 ). The DNA template of GFP was produced using primers GFPiF2 and GFPiR5 (55) . The dsRNA was quantified and diluted to 1 μg/μL and stored at −80°C.
Microinjection of Epigenetic Drugs and dsRNA. Final-instar and penultimateinstar larvae were randomly selected from the stock culture. Stock solutions of TSA (with 2 μg/μL dimethyl sulfoxide) and 5-AzaC (with 10 μg/μL water) were prepared. Dosage was optimized to produce maximal nonlethal effects by the stated criteria (TSA: 46 ng per larva, 5AzaC: 3.48 μg per larva), and drugs were injected into the larvae by using Nanoject II (Drummond Scientific) under CO 2 anesthesia. The injected larvae were individually isolated in 24-well culture plates (Thermo Scientific), so that they could develop into prepupae (the adult morphogenetic stage) within 3-4 d (36, 54) . No food was provided after the treatment. The developmental stage of the injected larvae was observed once a day. Individuals that successfully became adults were used for measurements.
The dsRNA was also injected in the penultimate-and final-instar larvae (i.e., early and late KDs). Stock solutions of dsRNA (1 μg/μL water) for each target gene were prepared. To avoid any systemic developmental failures due to high doses of RNAi, dsRNA dose adjustment was performed as described in SI Appendix, Table S5 . For morphological observations and measurements of adults subjected to HDAC1 and HDAC3 RNAi, moderate doses were used to avoid severe defects during pupal maturation and adult eclosion.
Morphological Observations and Measurements. Morphological observations of pupae and adults were performed using a scanning electron microscope (VE-8800; KEYENCE). To evaluate the morphogenetic effects of epigenetic perturbations, 16 body parts of adult males were quantified (Fig. 1B) using mandible sizes (ML, MOL, and MW) as indices of exaggerated traits. Elytra width was considered as an index of body size and was used as a covariate to examine the effect of the treatments on trait sizes (25, 56) .
Body parts sizes were measured using a microscope monitoring system (VHX-200; KEYENCE) and ImageJ (NIH) (57) . All analyses were performed using R 3.1.1 and JMP 11.
Sequencing of Genes for HDACs and PcGs in G. cornutus. Transcript sequences of the G. cornutus orthologs for HDACs, PcG genes, and DNA methylation factors and histone modification factors were identified using de novo RNA-seq. Total RNA was isolated from the heads of final-instar larvae and prepupae (24 and 48 h after attaining the prepupal stage). The cDNA was synthesized using the template-switching method (58) . Library samples of cDNA were run using an Illumina HiSeq 2000 platform at the Beijing Genomics Institute for 100 cycles with paired-end reads. All postprocessed reads were pooled together and assembled de novo with Trinity (version: Trinityrnaseq_r20131110) (59). We obtained 412,824 contigs by de novo assembly with Trinity. G. cornutus orthologs of histone-modifying genes were identified using the Kyoto Encyclopedia of Genes and Genomes Automatic Annotation Server (60), with manual checks of sequence similarities to T. castaneum orthologs. The DNA Data Bank of Japan/ European Molecular Biology Laboratory/GenBank accession numbers for GcHDACs and Gc-PcGs are listed in SI Appendix, Table S4 .
In addition, cross-species gene orthologies (G. cornutus, T. castaneum, Drosophila melanogaster, and Homo sapiens) were confirmed by phylogenetic relationships of proteins.
Quantitative RT-PCR for HDAC Expression Analysis. The cDNA was prepared from the head, thorax, abdomen, and whole body of dsRNA-injected larvae and prepupae. Quantitative RT-PCR was performed using the KAPA SYBR Fast qPCR Kit (Kapa Biosystems) with Applied Biosystems StepOnePlus. Actin gene Gc-ACT was used as the reference for comparative threshold cycle quantification. Primer sequences for the actin gene, HDACs, and PcG genes are listed in SI Appendix, Table S10 .
Detailed materials and methods are provided in SI Appendix, SI Materials and Methods.
